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ABSTRACT: We report on the nonvolatile
memory characteristics of a bistable organic
memory (BOM) device with Au nanoparti-
cles (NPs) embedded in a conducting poly-
(N-vinylcarbazole) (PVK) colloids hybrid
layer deposited on ﬂexible poly(ethylenete-
rephthalate) (PET) substrates. Transmission
electron microscopy (TEM) images show
the Au nanoparticles distributed isotropically
around the surface of a PVK colloid. The
average induced charge on Au nanoparticles,
estimated using the C-V hysteresis curve,
was large, as much as 5 holes/NP at a
sweeping voltage of (3 V. The maximum ON/OFF ratio of the current bistability in the BOM devices was as large as 1  105.
The cycling endurance tests of the ON/OFF switching exhibited a high endurance of above 1.5 105 cycles, and a high ON/OFF
ratio of∼105 could be achieved consistently even after quite a long retention time of more than 1  106 s. To clarify the memory
mechanism of the hole-mediated bistable organic memory device, the interactions between Au nanoparticles and poly(N-
vinylcarbazole) colloids was studied by estimating the density of states and projected density of state calculations using density
functional theory. Au atom interactions with a PVK unit decreased the band gap by 2.96 eV with the new induced gap states at 5.11
eV (HOMO, E0) and LUMO 4.30 eV and relaxed the HOMO level by 0.5 eV (E1). E1 at ∼6.2 eV is very close to the pristine
HOMO, and thus the trapped hole in E1 could move to the HOMO of pristine PVK. From the experimental data and theoretical
calculation, it was revealed that a low-conductivity state resulted from a hole trapping at Eo and E1 states and subsequent hole
transportation through Fowler-Nordheim tunneling from E1 state to Au NPs and/or interface trap states leads to a high
conductivity state.
1. INTRODUCTION
Much attention has been paid to bistable organic memory
(BOM) cells for their potential applications in future memory
devices1-9 with terabit-level integration density due to fast access
and store times of∼10 ns,10 low production cost, and convenient
creation of 2D/3D stacks2 with a two-terminal device into cross-
point arrays. Among them, hybrid type BOMdevices of inorganic
nanoparticles (NPs) blending into an organic host have been
investigated extensively due to their high reproducibility and
device performance, abundance of NP species, and cost-eﬀective
manufacturing process.11-13 The commonly proposed memory
mechanisms in NP-based BOM are as follows:14 (i) an electric-
ﬁeld-induced charge transfer between the NPs and the conjugate
polymer;15 (ii) the formation of a ﬁlament path by an electric-
ﬁeld-induced percolation;13,16 (iii) charge trapping and space-
charge ﬁeld inhibition of injection;2,17 and (iv) charge
trapping-detrapping.5,18 In the ﬁrst type of device, switching
mechanisms are explicitly explained by the theory that electron
charge transfer from conjugate molecules or polymers (donor) to
NPs (acceptor) results in the “ON” state and the reverse transfer
of electrons from acceptor to donor by a built-in negative electric
ﬁeld in turn leads to the “OFF” state. This type of device shows a
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relatively high writing and erasing voltage due to delocalization of the
hole in the whole polymer chain after charge transfer for stabilization.
The diﬃculty in achieving the permanent ON state and the uncer-
tainty about the position and energetics of the Au impurity atoms are
the limitations in the second and third mechanisms. In the fourth
mechanism, charges were known to bemainly trapped in the AuNPs
and the interface traps of the Au NPs are minimal. Unfortunately,
however, the charge trapping level of AuNPs and interface trap states
of the Au NPs or impurity bands induced by the Au NPs at the
interface with a polymer matrix have not been accurately deﬁned.
Most of reported BOM devices, except an organic metal-
pentacene-insulator-silicon,19 have shown that electrons were the
net charge carriers. However, the recently reported programmable
BOM devices2,20-22 showed a low I-V ON/OFF ratio (≈104), a
limited endurance cycle less than 500, and a shorter retention time less
than 105 s. To have clear understanding of the resistive switching
memory mechanism, in this work, a hole-mediated single-layer BOM
device was designed and fabricated by considering the energy levels of
the electrodes to be chosen in such a way that the hole becomes a net
carrier and Au NPs blend with nonconjugated PVK polymer colloids
as an active layer, and the performance of this BOM device was
thoroughly tested. To clarify the charge transport mechanism, the
nature of the interaction between Au NPs and PVK colloids was
estimated by calculating the density of states of pristine and Au-
interacted PVK using density functional theory (DFT) implemented
in a Gaussian 03 package.23 The Becke-style three-parameter density
functional theory using the Lee-Yang-Parr correlation functional
with the 6-31þG(d) basis set for all atoms of PVKmolecule and the
LANL2DZbasis set with eﬀective core potential for theAu atomwere
used, respectively.We constructed possible initial geometries for PVK
and free Au, taking into account the molecular symmetry, and fully
relaxed each initial structure to meet energy minima. We found the
structure proposed having minimum energy and checked the vibra-
tional frequency, guaranteeing a true energy minimum with no
imaginary frequencies. The theoretical spectra (density of state, DOS)
were generated by convoluting theGaussian function centered at each
molecular level with the width of 0.4 eV to relate experimental
broadening.24,25 The projected density of states (PDOS) was gener-
ated with the molecular orbital coeﬃcients of two molecular systems
(PVK and Au-PVK complex) after renormalization. Theoretical
spectra were then compared to corresponding experimental spectra.
Electronic structures of the molecular solids are characterized by
strong covalent intramolecular bonds but weak van der Waals
intermolecular bonds. The overlap between the wave functions
centered on neighboring molecules is small, leading to a weak
intermolecular electronic coupling. Therefore, the electronic proper-
ties of organic molecular ﬁlms, in a ﬁrst approximation, are close to
those of the individualmolecules.26 It has been proven that this simple
model calculation could describe the metal-molecule interaction in
good agreement with corresponding experimental results.27,28
2. EXPERIMENTAL SECTION
For the fabrication of nonvolatile BOMs utilizing Au NPs
embedded in a PVK (N-vinylcarbazole; Aldrich) polymer layer, a
high-quality indium tin oxide (ITO) ﬁlm having a thickness of 180 nm
and sheet resistance of Rs = 80-100 Ω/0 was deposited onto a
175 μm thick poly(ethyleneterephthalate) (PET) ﬂexible substrate
using a KIST roll-to-roll coater known as a Vic-Mama.29 The ITO-
coated ﬂexible substrate acting as a hole injection layer in the BOMs
was cleaned with a regular chemical cleaning procedure using
acetone and methanol solutions. The Au NPs were synthesized
by a chemical reduction method. A 1 M amount of sodium
hydroxide (NaOH) solution prepared using deionized (DI) water
and 50 mM of tetrakis(hydroxymethyl)phosphonium chloride
(THPC) solution prepared using DI water were added to a beaker
containing 45 mL of high-performance liquid chromatography
(HPLC) grade DI water. To this solution, 1 wt % HAuCl4 3 3H2O
dissolved in DI water was added. Furthermore, toluene and then
dodecanethiol were added slowly to the beaker. This ﬁnal solution
was subjected to vigorous stirring for about 12 h. The solution after
stirring contained two phases: the organic phasewithAuNPs settled
at the bottom was separated from the top phase containing DI
water.30 The separated Au NPs, in toluene solution, were used for
making a hybrid layer with the PVK solution (0.26 wt %). PVK was
chosen as a host for theNPsdue to its favorable band alignmentwith
the Au NPs and its high solubility in toluene (Figure S1, of the
Supporting Information). This hybrid layer of AuNPs embedded in
the PVK polymer acts as an active layer in the BOMs. The Au NPs
with concentrations of 0.36, 0.44, and 0.48 wt % respectively in the
hybrid layer were optimized to form a single active layer of Au NPs
with uniform distribution. As a top electrode, Al dots having a
surface area of 0.14 mm2 and a thickness of about 300 nm were
deposited by thermal evaporation using a shadow mask. The
solution of PVK with Au NPs in toluene was spun onto ﬂexible
ITO/PET sheets, producing 100 nm thick ﬁlms thatwere accurately
measured using a ﬁeld-emission scanning electron microscope (FE-
SEM; S-4700, Hitachi). Transmission electron microscopy (TEM;
Model, STEM/TEM (CM30)), with an acceleration voltage of
200 kV, was carried out to investigate the microstructural nature of
the Au nanoparticles embedded in a polymer layer. Capacitance-
voltage (C-V) characteristic curves were obtained to determine
both the type of major carrier and the amount of charge induced on
the Au NPs. For C-V measurement, a metal-insulator-silicon
(MIS) structure with Al/AuNPs-PVK hybrid/SiO2 (5 nm)/p-Si/
Au was fabricated, and C-Vmeasurement was carried out using an
HP4280A precision C-meter at 1 MHz. Current-voltage (I-V)
measurements were performed at room temperature to examine the
electrical bistable properties of the fabricated BOMs using an HP
4140B. The switching characteristics were measured at 300 K by
using an Agilent 4155C semiconductor parameter analyzer with an
Agilent 33250A 80 MHz function/arbitrary waveform generator.
3. RESULTS AND DISCUSSION
3.1. Microstructure of the Fabricated BOM. The schematic
structure of the Au NPs embedded in PVK and the three-dimen-
sional view of the fabricated BOM on a flexible substrate are
illustrated in Figure 1a. Figure 1b shows a plane-view bright-field
TEM image of theAuNPs embedded in a PVKconducting polymer
matrix with Au NPs concentration of 0.44 wt %. The TEM
observation indicates the particle-like structure of the PVK with a
diameter of about 80-150 nm, and the apparent aggregation occurs
among the PVK colloids, resulting in the formation of a PVK layer.
Au NPs with about 2-3 nm diameter reside on the PVK colloids
like segregates on the grain boundary instead of existing in the bulk
of the PVK colloid, and the approximate areal density of Au NPs is
about 3.9  1011/cm2. This unique feature is in contrast to the
reported devices31 in which the polymer molecules adsorb on the
surface of AuNPs in the form of chains or a uniform 3Ddistribution
of NPs in the polymer matrix.
3.2. Electrical Properties of the Fabricated BOM . 3.2.1.
C-V and I-V Curves for the BOM Devices. Figure 2a shows the
C-V hysteresis curve for the metal-insulator-semiconductor
(MIS) structure with an Au NP-polymer hybrid layer, where
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hysteresis is defined to be the shift in the flat band voltage (ΔVfb). A
clockwiseC-Vhysteresis curve and a skewed flat band shift indicate a
net hole trapping effect while double-sweeping the device. The
magnitude ofΔVfb, in a AuNP-polymer hybrid layerMIS structure,
clearly shows thedependenceon the voltage sweeping range,with the
C-V hysteresis window increasing from-0.32, to-0.46, to-0.58
V as the sweeping voltage was increased from (2, to(3, to (4 V,
implying the increment of a charge trapping.
The C-V curve for the control sample, without Au NP under
the identicalmeasurement conditions as shown in the top left inset of
Figure 2a, showed no or very slim hysteresis of the magnitude of
ΔVfb < 0.10 V for the sweeping voltage(2 V. This indicates that the
hysteresis observed inAuNP-polymer hybrid layerMIS structure is
mainly due to the charge trapping at the Au nanoparticles and not
due to the SiO2 layer or the electrode-PVK interfaces.
These experimental results imply that holes are injected and
trapped in the Au NPs and/or their interface states located in PVK.
From theC-Vmeasurements, the charge densityQ accumulated in
Au NPs and/or interface traps between Au NPs and PVK colloids
can be estimated fromQ≈CsΔVfb, whereCs is the capacitance value
of the dielectric stack layer. For instance, the shifts in the ﬂat band
voltage of-0.32,-0.46, and-0.58 V at a(2,(3, and(4 V sweep
correspond to a hole charge density of 13.8  1011/cm2, 19.8 
1011/cm2, and 25  1011/cm2, respectively. The calculated average
charges are 3.5, 5, and 6.4 holes/(AuNP), corresponding to(2,(3,
and (4 V, respectively. These values are larger than the previously
reported values of 3 holes/(Au NP) at(3 V in an Au-PS-b-P4VP
BOMdevice,19 which is also supported by the large capacitance of up
to 200 nF/cm2 compared to the 70-100 nF/cm2 of the Au-PS-b-
P4VP BOM device.
Figure 2b shows I-V curves for the BOM device with Au NP
concentrations of 0.36, 0.44, and 0.48 wt % fabricated on PET and
glass substrates with the variations of voltage across the device in a
cyclicalmanner from-2 to 0 toþ2 to 0 to-2V.The devices clearly
show counter-clockwise electrical hysteresis behavior, an essential
feature of a bistable memory device. The maximum current ratio
between the “ON” and the “OFF” states at 0.7 V in both devices is
nearly the same and as large as about 1 105, which is equivalent to a
reading process in a digital memory cell, and such a high ratiomay be
closely related to a large average hole charging as mentioned above.
TheON/OFF current ratio in the device increases largely with
the increase of AuNP concentration from 0.36 to 0.44 wt %. This
indicates that the storage capability of the device is signiﬁcantly
Figure 1. (a) Schematic diagram of the fabricated BOM using an active
layer ofAuNPs embedded in aPVKpolymer. Inset shows a plane view image
of the fabricated ﬂexible OBD arrays, the red color institute logo (KIST)
underneath is clearly seen through the transparent PET ﬁlmswith top circular
Al electrodes. (b) Plane-view bright-ﬁeld transmission electron microscopy
images of Au NPs embedded in a PVK conducting polymer layer.
Figure 2. (a) Capacitance-voltage (C-V) measurements of Al/Au
NPs-PVK hybrid/SiO2 (5 nm)/p-Si/AuMIS structure at 1MHz. The top,
left inset shows the fabricated device structure. The bottom, right inset shows
the C-V curve for the control sample without Au nanoparticles. (b)
Current-voltage curves for an Al/[Au NPs þ PVK]/ITO on PET sheet
and glass substrate devices with Au NPs concentrations of 0.36, 0.44, and
0.48wt%. Empty triangles, empty circles, and empty rectangles represent the
devices withAuNPs concentrations of 0.36, 0.44, and 0.48wt%, respectively.
The scanning step of the applied voltage is 0.01 V. The inset shows the SEM
cross-sectional view of the fabricated device.
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enhanced with an increase in the concentration of the Au NPs.
However, further increase in the Au NP concentration to 0.48%
decreases the ON/OFF current ratio. This can be due to the
increased Au NP density beyond the limit where the Au NP-Au
NP interaction initiates. Hence further increase in the Au NP
concentration will lead to the formation of Au NP agglomeration
with no net enhancement in the charge accumulation and hence
in the ON/OFF ratio.
The optimized BOM device with PET substrate switches from
the OFF state to the ON state at an applied voltage of 1.5 V and
returns to its initial OFF state when the voltage sweeps back from
þ1.5 to-2 V. However, when the voltage sweep is ﬁnished before a
threshold voltage, the device switches back to the ON state again.
The voltage of the BOMs at the transition is about-2 V, which can
be deﬁned as the “erasing voltage” for the device.
3.2.2. Memory Characterization of the BOM Devices. Write-
read-erase-read sequence test measurements were performed in
air in order to investigate the rewritability of nonvolatile memories.
The write, read, and erase voltages for the I-V characteristics are set
as þ2, þ0.7, and -2 V, respectively, as shown in Figure 3a. An
applied voltage pulse of 0.7 V reads the device as in theON state with
a current level of 10-5A.Then a voltage pulse ofþ2Vwrites theON
state with the high current value of 10-2 A. A -2 V voltage pulse
performs the erase process of the OFF state with the smaller current
value of 10-8 A, and this is again read by the voltage pulse ofþ0.7 V
as an OFF state with the current value of 10-9-10-10 A.
The diﬀerence between the current levels shown in parts b and
a of Figure 2 is mainly due to the diﬀerence between the pulse mode
and the direct current (dc) mode of operation. A sequence of pulses
in less than 1 ms is employed to conﬁrm memory stability. The
current as a function of the number of cycles of ON and OFF states
for the BOM is demonstrated in Figure 3b. A cycling endurance of
over 1.5 105 times ofON/OFF switching, togetherwith a rewriting
capability, is clearly evident from the ﬁgure. Another important
property, the retention ability of this BOM device, is tested by
keeping the device in the OFF state at þ0.7 V and also in the ON
state atþ0.7 V under ambient conditions. Figure 3c plots the current
measured at every 60 s for the retention time of 106 s (more than 11
days), and the ON/OFF ratio shows a very high value of about 4
105, and an extrapolation of this to 10 years converges to 2.8 105,
which means the BOM device has a very long term stability.
3.3. Carrier Transport and Resistive Switching of the BOM
Devices. To examine the carrier transport in the fabricated
BOM, the current-voltage curve was analyzed by three basic
mechanisms which can be expressed in terms of32,33
(i) thermionic emission limited conduction (TELC) model:
J AT2 exp - qφ0
kT
þ q q
3V
4πε
 !1=224
3
5 ð1Þ
(ii) Fowler-Nordheim (FN) tunneling theory:
IV 2 exp
- kd
V
 
ð2Þ
(iii) space-charge-limited-current (SCLC) conduction model:
IVR ð3Þ
where k, F, A*, T, ε, φ0, q, and d represent Boltzmann's constant,
electric field strength, Richardson's constant, absolute temperature,
dielectric permittivity, barrier height, electronic charge, and the
thickness of the Au NPs-PVK active layer, respectively.
Figure 4a is a log-log plot of current (I) vs voltage (V), for the
entire voltage sweep. Interestingly, the curve exhibits ﬁve distinct
regions, I1-I5, each having diﬀerent linear slopes in a low-con-
ductive state. In the low-voltage range, below 0.3 V (I1 region),
the data (adjusted R2 = 0.94) can be well-ﬁtted with the TELC as
Figure 3. (a) Write-read-erase-read sequence of the Al/[Au NPsþ
PVK]/ITO/PET sheet device. The write, erase, and the read voltages
are þ2, -2, and þ0.7 V, respectively. (b) Cycling stress test of the
Al/[Au NPsþ PVK]/ITO/PET sheet device. The stress voltage isþ0.7
V/(4 ms). (c) Retention test of Al/[Au NPsþ PVK]/ITO/PET BOM
device in ambient environment.
2345 dx.doi.org/10.1021/jp110030x |J. Phys. Chem. C 2011, 115, 2341–2348
The Journal of Physical Chemistry C ARTICLE
shown in the inset of Figure 4a. Furthermore, the detailed current
conduction mechanism in other regions is correlated in
Figure 4b-e. In region I2 between 0.35 and 0.47 V, the
exponential, R, is ﬁtted to be about 1.9 (adjusted R2 = 0.95),
which means that electrical conduction is governed by SCLC
transport and follows Child's law, as the value is very close to 2 for
the ideal case. At voltages higher than 0.47 V, the slope is
decreased to R = 1.1 (adjusted R2 = 0.98) until 0.72 V and an
electrical conduction follows ohmic law. In the voltage range of
0.75-1.34 V (I4 region), the I-V characteristics show two
successive diﬀerent large linear slopes of R = 3.9 (adjusted R2 =
0.98) andR = 9.7 (adjusted R2 = 0.93) or can be considered as an
exponential increase. In any case, the response follows a strong
SCLC, which is known as a trapped charge-limited-current
(TCLC) mechanism (R . 2). For voltages above 1.35 V, the
data could not be ﬁtted with the SCLC mechanism because the
simulated exponential R = 100 (adjusted R2 = 0.98) would be
absurdly large, as the current levels show a drastic increase at
1.35 V, suggesting the mechanism must be other than the TELC
and SCLC. To examine the contribution from FN tunneling,
ln(I/V2) vs 1/V is plotted. As can be seen in Figure 4e, the plot of
ln(I/V2 ) vs 1/V is indeed linear. Thus, the carrier conduction in
this region is believed to be mainly controlled by FN tunneling. If
we assume that the injected hole charge is tunneling through a
triangular barrier at the PVK interface, the constant kd in eq 2 is
given by34
kd ¼ 8π
ﬃﬃﬃﬃﬃﬃﬃﬃ
2mp φ3=2
3qh
ð4Þ
Here φ is the barrier height and m* is the eﬀective mass of the
hole. Assuming that the electric ﬁeld is constant across the device
and that the eﬀective mass equals the free electron mass, the
Figure 4. (a) log-log plot of current density vs voltage for an Al/[Au NPs þ PVK]/ITO/PET sheet devices. The curves are ﬁtted for SCLC
mechanism. The inset represents the ln(J) vs V1/2 characteristics at lower voltages; the curve is ﬁtted for TELC conduction mechanism. Current
conduction mechanism for the Al/[Au NPs þ PVK]/ITO/PET device in (b) region I2, (c) region I3, (d) region I4, and (e) region I5.
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calculated barrier heights for hole tunneling into the device is φ =
0.31( 0.03 eV at d = 100 nm. These data indicate that the barrier
height must be the Au NPs/PVK (0.27 eV) interface rather than
ITO/PVK (0.7 eV) or ITO/Au (0.43 eV).
3.4. DOS and PDOS Calculated by DFT. The DOS and
PDOS of pristine and Au-interacted PVK are calculated using
DFT, where we used the unit structure of the PVK and a single
Au atom. It is observed that the side chain of PVK does not
contribute to the frontier orbitals of the PVK, and hence the
essential interaction occurred on the frontier orbitals. Then,
we found that the Au-PVK geometry had a minimum total
energy compared to all other possible geometries after care-
fully considering the structural symmetry of the PVK unit.
Figure 5 represents the changes in the DOS of pristine PVK
upon the interaction with Au (Figure S3 of the Supporting
Information). The inset shows the pristine PVK and Au-PVK
structure having a minimum total energy. In the pristine PVK,
LUMO and HOMO levels are centered at the binding energies
of 1.07 and 5.75 eV, respectively. When Au interacts with PVK,
the band gap decreases by 2.96 eV with the new induced gap
states at 5.11 (new HOMO, E0) and 4.30 eV (new LUMO).
The new gap states originate from the electron transfer from
Au to the carbazole group in PVK (blue arrows in inset). The
occurrence of a new gap state can be easily inferred from the
previous experimental result in which energy levels of organic
molecules (C60) due to their chemical interaction with the
metal support were modified.35 Conversely, the influence of
the molecules on the electronic structure of the metal elec-
trode such as a reduced DOS near the Fermi level (EF) has
been predicted for various metals (Au, Pd, and Ru) with sub-
monolayer coverages of sulfur36-38 or nitrogen due to strong
bond interaction between Au-S or Pd-N 39 on the basis of
DFT calculations. The transferred electrons are re-distributed
to relax the Coulomb energy and generate new gap states by
filling the originally unoccupied states of PVK. Analyzing
the PDOS of the Au-PVK system, it is confirmed that the
new gap states are mainly originated from Au interacting with
the benzene ring. The new HOMO (E0) state is separated
from the next occupied states at ∼6.2 eV (E1) and is also
distinguished from the higher state at 7.23 eV originated
mainly from the Au d orbital. On the contrary, the energetic
position of E1 is very close to the pristine HOMO, and thus the
trapped hole in E1 could move to the HOMO of pristine PVK.
Consequently, injected holes from the electrode can be
trapped at E0 and are trapped again at E1 if a sufficiently large
field is applied. After E1 is filled fully, then extra holes move
along with the HOMO of pristine PVK and are trapped at
another Au-PVK site.
3.5. Resistive Switching Mechanism. Figure 6a shows the
schematic structure and energy level diagram for the BOM
device. When bias is not applied, the HOMO level of the
PVK layer is 0.7 eV lower than the work function of ITO (φ =
4.8 eV) and the work function of Au is 0.27 eV 40 higher than the
HOMO level of PVK.41 Since the work function of Au NPs is
lower than the LUMOof PVK, AuNPs can be treated as traps in
the PVK. Clockwise C-V hysteresis would be due to a higher
electron injection barrier, which in turn leads to low penetration
probability for electrons. According to the Simmons and
Verderber model,42 adsorbed Au NPs would induce electronic
impurity levels inside the band gap of PVK. From the result
estimated above by the DFT, the SCLC in region I2 can be
regarded as the trapping of holes in a newly formed HOMO
level designated as E0 that was centered at around 5.11 eV.
Similarly, the TCLC in the I4 region is related to the trapping of
holes in the modified HOMO, E1, which was located at the
energy position of about 6.2 eV, a position very similar to that
(5.75 eV) of the pristine PVK. The I3 region may correspond to
hole trapping on top of the E1 band and thus ohmic conduction
is observed in this regime. On the basis of this model, parts b
and c of Figure 6 depict the charge trapping and tunneling
phenomenon in the Au NPs-PVK colloid hybrid BOM device.
As the positive voltage increases, the molecular orbitals of
the PVK layer and the energy level of the Au NPs bend even
more downward, the accumulated holes in the inversion layer of
the ITO electrode are captured in the Au NPs. When Vw (write
voltage) is applied, a hole injection occurs from the ITO layer,
first into the induced energy level Eo and then to level E, and
then the holes can tunnel into adjacent AuNPs by FN tunneling
through a triangular-shaped barrier along the direction of the
applied voltage. This results in the achievement of the writing
process which can be intuitively proposed as follows: The holes
actually encounter Au NPs while traversing the sample. As the
electric field increases to a certain value, holes get trapped onto
induced impurity levels. As the voltage increases, a square
barrier gradually becomes a triangular barrier. At the voltage
1.35 V, the electric field strength is approximately 2.025  107
V/m, calculated by E = (3E(x)1/2/2d) with the thickness d =
100 nm. At this field strength, the 0.27 eV high and triangular-
shaped barrier reduces to a thickness of about 133 Å, which is
much larger than the thickness of the few tens of angstroms
observed in conventional tunneling devices.43 If an appropriate
range of tunneling is assumed at about 50 Å in this BOM device,
only holes existing at the interface trap level higher than 0.1 eV
above the HOMO of PVK, i.e., holes residing inside E1 instead
of E0, can penetrate the barrier which supports the above-
mentioned carrier transport of FN tunneling after TCLC.
When a negative voltage is applied to the electrode, the
captured holes are reversely released into the PVK matrix and
then transported to the ITO substrate through FN tunneling.
Figure 5. Calculated DOS of pristine and Au-interacted PVK unit. New
gap states are generated with the Au transferring electrons to PVK states.
The Au PDOS is also indicated with a dotted line, which is mainly
originated from Au d orbital. The inset shows the structures of the
pristine PVK unit and Au-interacted PVK having the lowest energy.
2347 dx.doi.org/10.1021/jp110030x |J. Phys. Chem. C 2011, 115, 2341–2348
The Journal of Physical Chemistry C ARTICLE
This is because the generated internal electric field disappears
due to the emission of the holes captured in the Au NPs into the
ITO electrode.
4. CONCLUSIONS
In conclusion, a single active layer nonvolatile hole-mediated
ﬂexible organic memory device based on Au NPs adsorbed on the
PVK colloids showed the maximum Ion/Ioﬀ ratio of the I-V curves
of 1  105 due to a large induced hole charge, a long retention
stability of 106 s, and the endurance to electrical stress above 1.5
105 cycles. The carrier transport was controlled by the SCLC and
TCLC in theOFF state and by FN tunneling in theON state. From
theDFT results, the AuNPs adsorbed onPVK colloids induces new
LUMO and HOMO (E0) states inside the gap of PVK due to Au
interaction with the benzene ring and the energy level of pristine
HOMO (E1) is lowered as much as 0.5 eV. Resistive switching
transition from low conductivity to high conductivity occurred by
transporting holes existing in themodiﬁedHOMO E1 level through
FN tunneling into Au NPs and/or interfacial trap states.
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